Introduction
============

Prostate cancer (PCa) is the second leading cause of cancer death among American men[@B1]. Despite the high incidence and mortality rate, there is an incomplete understanding of the full repertoire of clinically relevant molecular alterations responsible for prostate oncogenesis and progression. This remains a critical barrier that slows progress toward improving treatment in a significant subset of PCa patients.

Complete or partial loss of the tumor suppressor PTEN frequently occurs in localized and advanced/castration-resistant PCa [@B2]-[@B4], indicating that PTEN deficiency plays an important role in both PCa development and progression. PTEN primarily functions as a lipid phosphatase that specifically catalyzes dephosphorylation of the 3\' phosphate of the inositol ring in phosphatidylinositol (3,4,5)-trisphosphate (PtdIns (3,4,5) P3 or PIP3) [@B5]. In agreement of this finding, homozygous loss of the *Pten* gene results in hyperactivation of Akt and thereby promotes formation of HGPIN and PCa in mice. However, *Pten* heterozygous deletion alone is insufficient to induce prostate tumorigenesis in mice only until very advanced ages [@B6], [@B7], suggesting that cooperating oncogenic lesions are required. Thus, it is both clinically and biologically significant to study how partial loss of PTEN works cooperatively with other genetic lesion(s) to promote PCa initiation and progression.

Runt-related transcription factor 2 (RUNX2) (also known as core-binding factor subunit alpha-1 (CBF-alpha-1)) plays a crucial role in regulation of cell proliferation in osteoblasts and endothelial cells. RUNX2 is also implicated in human PCa [@B8], [@B9] and RUNX2 overexpression has been linked to upregulation of matrix metalloproteinases, secreted bone resorbing factors, and PCa cell metastasis to bone [@B9]-[@B12]. We have demonstrated previously that elevated level of RUNX2 protein correlates with decreased expression of PTEN protein in a cohort of human PCa specimens [@B13], and others have shown that Runx2 is upregulated in prostate tumors in *Pten* knockout mice [@B14]. However, whether concomitant RUNX2 overexpression and PTEN deficiency play a causal role in prostate tumorigenesis and PCa progression remains elusive.

In this study, we generated a novel *Runx2* conditional transgenic mouse model (*Runx2*-cTg). Characterization of this model revealed that *Runx2* expression in combination with *Pten* heterozygous deletion (*Pb*-*Cre*^+^;*Runx2*-cTg;*Pten*^p/+^) in the prostate leads to increased cell proliferation and formation of high-grade PIN and cancerous lesions. We further showed that the Akt kinase is highly phosphorylated in prostate tumors in *Pb*-*Cre*^+^;*Runx2*-cTg;*Pten*^p/+^ mice, but not in nonmalignant prostate tissues in *Pb*-*Cre*^+^;*Pten*^p/+^ mice. The concomitant Runx2 overexpression and Pten deficiency induce upregulation of the chemokine receptor Cxcr7, which is required for Akt hyperphosphorylation in prostate tumors in *Runx2*-*Pten* double mutant mice. We further showed that CXCR7 expression correlates with phosphorylated AKT in PCa specimens in patients and that CXCR7 is crucial for RUNX2-mediated growth of PTEN-deficient PCa cells.

Materials and Methods
=====================

Plasmids, antibodies, and reagents
----------------------------------

CMV-driven mammalian expression vector for HA-tagged mouse Runx2 was described previously [@B13]. To generate a Runx2 transgene vector, HA-Runx2 was subcloned into a conditional vector, which was kindly provided by David Largaespada from the University of Minnesota (Minneapolis, MN). In this plasmid, HA-Runx2 was inserted after the LoxP-Stop-LoxP cassette and therefore it was termed as pLSL-HA-Runx2. pCMV-Cre plasmid was kindly provided by Jan van Deursen from Mayo Clinic (Rochester, MN). Antibodies used for western blot analysis were: anti-RUNX2 (12556S, Cell Signaling Technology); anti-ERK2 (sc1647, Santa Cruz Biotechnology); anti-HA 1.1 (Covance); anti-PTEN (9559L, Cell Signaling Technology); anti-pS473 AKT (9271S, Cell Signaling Technology); anti-AKT (9272S, Cell Signaling Technology); anti-pS473 AKT (4060L, Cell Signaling Technology); anti-CXCR7 (ab38089, Abcam); anti-P70 (9202S, Cell Signaling Technology); anti-p-P70 (9205S, Cell Signaling Technology); anti-rabbit or anti-mouse secondary antibodies (GE Healthcare UK Limited). Antibodies used for IHC were: anti-AR (ab108341, Abcam); anti-Ki-67 (ab15580, Abcam); anti-pS473 AKT (4060L, Cell Signaling Technology); anti-pS235/236-S6 (2211S, Cell Signaling Technology); anti-CXCR7 (MAB42273, R&D); anti-PTEN (9559L, Cell Signaling Technology); anti-RUNX2 (12556S, Cell Signaling Technology); biotinylated anti-rabbit or anti-mouse (BA-1000, BA-9200, Vector Lab).

Cell lines, cell culture and transfection
-----------------------------------------

LNCaP, PC-3, LAPC-4 and 293T cells were purchased from ATCC (Manassas, VA). LNCaP, PC-3 cells were cultured in RPMI 1640 medium (Corning cellgro) supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific). LAPC-4 cells were cultured in Iscove\'s modified Dulbecco\'s medium (Corning cellgro) supplemented with 15% FBS (Thermo Fisher Scientific). 293T cells for lentiviral packaging were cultured in Dulbecco\'s modified Eagle\'s medium (Corning cellgro) supplemented with 10% FBS (Thermo Fisher Scientific). Transfections were performed using Lipofectatmine2000 (Thermo Fisher Scientific), following manufacturer\'s instructions. 75-90% transfection efficiencies were achieved.

Clonogenic assays
-----------------

The procedure was performed as described previously [@B15], [@B16]. Briefly, an appropriate number of cells for different drug treatments were plated onto 6-well plates. At the following day, cells were treated with 0.1% BSA or CXCL12 (200 ng/ml, Cat\#300-28A, PeproTech). Around 10 days later, colonies were fixed with acetic acid:methanol (1:7) for 60 min and stained with (0.5% w/v) crystal violet for 1 h, followed by a gentle wash with running tap water. Colonies with more than 50 cells were counted. The linear regression was applied to generate the survival curve.

Generation of mutant mice
-------------------------

All animal study was approved by the Mayo Clinic Institutional Animal Care and Use Committee (IACUC). All mice were housed in standard conditions with a 12 hour light/12 hour dark cycle and access to food and water *ad libitum*. *Runx2* conditional transgenic (*Runx2*-cTg) mice (FVB) were generated by Mayo Clinic core facility. Probasin (*Pb*)-driven *Cre4* recombinase transgenic mice (C57BL/DBA2), originally generated in the laboratory of Dr. Pradip Roy-Burnam at University of Southern California, Los Angeles, CA [@B17], were acquired from the National Cancer Institute (NCI) Mouse Repository. *Pten* Loxp/Loxp conditional mice (129/Balb/c), originally generated in the laboratory of Dr. Hong Wu at University of California, Los Angeles, CA [@B18], were acquired from Jackson Laboratory (004597). Littermates with similar genetic backgrounds were used as controls throughout the study. PCR primers for genotyping of wild-type and conditional alleles of *Pten*, transgenic *HA-Runx2*, and *Cre* are listed in Supplementary Table [S1](#SM0){ref-type="supplementary-material"}.

RNA interference (RNAi)
-----------------------

Cells were transfected with control siRNA (siN05815122147, RIBOBIO), siRUNX2 pool (M-012665-01, Thermo Fisher Scientific Dharmacon), or siPTEN (M-003023-02, Sigma) following manufacturer\'s instructions. Control shRNA or CXCR7-specific shCXCR7 (NM_020311, Sigma) was transfected into 293T cells. Cells were treated with 1:100 sodium pyruvate 24 h after transfection. After another 24 h, media containing packaged virus was filtered with 0.45 μm filters and added to target cells. Polybrene was added to a final concentration of 8 μg/ml. Puromycin selection was performed to remove any cells without successful lentiviral transduction.

Western blot
------------

Approximately 80 μg of protein from cell lysates or homogenized mouse prostate tissue was denatured in sample buffer (Thermo Fisher Scientific) with added protease inhibitor cocktail (Sigma-Aldrich), subjected to SDS-polyacrylamide gel electrophoresis (Bio-Rad) and transferred to nitrocellulose membranes (Thermo Fisher Scientific). Membranes were blocked in 1X TBST with 5% milk for 1 h at room temperature and immunoblotted with indicated primary antibodies at 4°C overnight. Membranes were incubated at room temperature for 1 h with horseradish peroxidase-conjugated secondary antibodies. Blots were visualized by SuperSignal West Pico Luminol Enhancer Solution (Thermo Fisher Scientific).

Reverse transcription quantitative polymerase chain reaction (RT-qPCR)
----------------------------------------------------------------------

Total RNA was isolated from cells in culture or from mouse prostate tissues using Trizol. cDNA was synthesized using a GoScript kit (Promega). Two-step real-time polymerase chain reaction (PCR) was performed using the SYBR Green Mix (Bio-Rad) and C1000 Touch Thermal Cycler, CFX96 Real-Time System (Bio-Rad) according to manufacturer\'s instructions. Primers were used at a final concentration of 500 nM. *GAPDH* was used as an internal control. Primers for RT-qPCR are listed in Supplementary Table [S1](#SM0){ref-type="supplementary-material"}.

MTS assay for cell proliferation
--------------------------------

Cell growth was measured by absorbance at 490 nm using a MTS assay kit (Promega) according to manufacturer\'s instructions. PC-3 cells were plated in 96-well plates with approximately 800 cells per well. At indicated time points, CellTiter 96R Aqueous One Solution Reagent was added to a final concentration of 10% (V/V). Absorbance was measured after 60 min incubation at 37ºC.

Hematoxylin and Eosin (H&E) staining and histological analysis
--------------------------------------------------------------

4 μm thick sections were cut from formalin-fixed paraffin-embedded (FFPE) tissues. Sides were de-paraffinized with xylene and rehydrated through a graded series of alcohol. Slides were incubated in Hematoxylin (Sigma-Aldrich) for 10 min before alcohol washing and incubation in 1% Eosin (Richard-Allan Scientific) for 90 seconds. After further washes with graded alcohol and a final wash in xylene to dehydrate slides, stained tissue was covered with cytoseal glue and coverslips. Presence of PIN lesions was scored based on previously published criteria [@B19], where mouse PIN I and II were classified as low-grade PIN (LGPIN) and mouse PIN III and IV were classified as high-grade PIN (HGPIN).

Immunohistochemistry (IHC)
--------------------------

4 μm thick sections were cut from FFPE tissues. Antigen retrieval and immunostaining was performed as described previously [@B20]. For quantitative analysis, a staining index (SI) for five randomly selected microscopic fields (400X) was calculated: SI = staining intensity × staining percentage and averaged to obtain the mean. Staining intensity scores ranged from 0-3 (0 = no staining, 1 = low staining, 2= medium staining, 3 = strong staining).

Masson\'s trichrome staining
----------------------------

Four-micrometer thick sections were cut from FFPE tissues and stained with Masson\'s trichrome statin kit (KTMTR, American MasterTech) by followed the manufacturer\'s instructions. Briefly, the sections were deparaffinized with xylene and rehydrated through a series of ethanol (100% \> 95% \> 80% \> 70%) and running tap water. The sections were incubated with Bouin solution overnight at room temperature. After a thorough rinse with running tap water, the slides were stained with Weigert\'s hematoxylin for 5 mins and rinsed with tap water, and followed by incubation with Biebrich Scarlet-Acid Fuchsin solution for 15 minutes. The slides were incubated with phosphomolybdic-phosphotungstic acid solution for 10 to 15 mins and immediately stained with Aniline blue for 10 mins. After a wash with tap water, the slides were incubated with Acetic acid for 5 mins, and dehydrated with a series of ethanol (70% \> 95% \> 100%) and followed by 3 changes of xylene.

Human PCa tissue specimens
--------------------------

Human PCa tissue microarray (TMA) was purchased from US Biomax, Inc (Rockville, MD). Samples were de-identified to all individuals involved in this study. TMA specimens were used for antigen retrieval and immunohistochemistry as described under IHC. Primary antibodies used were anti-CXCR7 (MAB42273, R&D) and anti-pS473 AKT (9271S, Cell Signaling Technology).

Statistical Analysis
--------------------

All experiments were conducted with three or more replicates unless noted otherwise. Statistical analyses were performed by Student\'s t-test unless noted otherwise. Values with *P* \< 0.05 are considered statistically significant.

Results
=======

Generation of *Runx2* conditional transgenic (*Runx2*-cTg) mice
---------------------------------------------------------------

It has been shown previously that homozygous deletion of *Pten* substantially increased Runx2 protein expression in the mouse prostate [@B14]. In agreement with this observation, analysis of our RNA sequencing (RNA-seq) data demonstrated that *Runx2* mRNA expression was largely upregulated in *Pten* homozygously deleted mouse prostate tumors compared to normal prostate tissues (Figure [S1](#SM0){ref-type="supplementary-material"}A, left). We further confirmed that it was the case at the protein level (Figure [S1](#SM0){ref-type="supplementary-material"}A, right), indicating that complete loss of PTEN induces RUNX2 expression in prostatic cells. The Cancer Genome Atlas (TCGA) PCa dataset shows that among tumors with PTEN defects, approximately 50% of them exhibit partial loss of PTEN (Figure [S1](#SM0){ref-type="supplementary-material"}B). We therefore examined the impact of PTEN partial loss on RUNX2 expression in mice. Different from the effect of homozygous deletion, heterozygous deletion of *Pten* failed to increase Runx2 mRNA and protein expression in the mouse prostate (Figure [1](#F1){ref-type="fig"}A, S1A, S1C), arguing that the *Pten* gene dose is critical in controlling *Runx2* gene expression in mouse prostatic cells. Notably, we have shown previously that overexpression of RUNX2 protein co-occurs with partial loss of PTEN protein in PCa specimens in patients [@B13]. The data obtained from both human and mouse PCa indicate that while partial loss of PTEN expression is not necessarily able to induce RUNX2 overexpression in PCa, it appears that both events occur concomitantly in malignant prostatic cells. Therefore, we were very interested to employ genetically engineered mouse (GEM) models to determine whether RUNX2 overexpression in combination with partial loss of PTEN plays a causal role in prostate tumorigenesis and progression.

The promoter of mouse *Pb* gene is often used to generate prostate-specific *Cre* recombinase transgenic mice [@B17], [@B21]. Given that *Pten* deletion inhibits *Pb* gene expression by downregulating AR protein in the mouse prostate [@B22]-[@B24], it is possible that *Pten* deletion may impair *Pb* promoter-mediated transgene expression in the mouse prostate. To avoid this potential problem, we cloned HA-tagged Runx2 into a conditional expression vector where a LoxP-Stop-LoxP cassette is located between the promoter and the transcription start site of HA-Runx2 transgene (termed pLSL-HA-Runx2) (Figure [1](#F1){ref-type="fig"}B). pLSL-HA-Runx2 vector was transfected with or without CMV-Cre recombinase expression vector into AR-expressing LNCaP PCa cells. We demonstrated that HA-Runx2 protein was detected only in LNCaP cells co-transfected with CMV-Cre, but not in Cre non-transfected LNCaP cells (Figure [1](#F1){ref-type="fig"}C), indicating that the pLSL-HA-Runx2 vector worked as expected. This plasmid was linearized and utilized to generate *Runx2*-cTg mice, and two founder mice were obtained (Figure [1](#F1){ref-type="fig"}D). *Cre*-positive and -negative *Runx2* transgenic mice were generated by crossbreeding *Runx2*-cTg mice with *Pb*-driven *Cre* recombinase transgenic mice (*Pb-Cre4*) as reported previously [@B17]. Western blot analysis showed that Runx2 protein level was much higher in *Cre*-positive prostate tissues compared to *Cre*-negative counterparts and *Pten* heterozygous deletion prostates (Figure [1](#F1){ref-type="fig"}E, S1A). These data indicate that we have successfully generated a prostate-specific *Runx2*-cTg murine model. To our knowledge, it represents the first of the kind which allows for more detailed investigation of the role of RUNX2 overexpression in PCa tumorigenesis and progression.

*Runx2* overexpression and *Pten* heterozygous deletion cooperate to induce HGPIN and cancerous lesions in mice
---------------------------------------------------------------------------------------------------------------

To determine whether transgenic expression of RUNX2 promotes prostate tumorigenesis and whether overexpression of RUNX2 cooperates with partial loss of PTEN to enhance PCa progression, prostate-specific *Cre* transgenic males (*Pb-Cre4*) [@B17] were crossbred with *Runx2*-cTg females to generate prostate-specific *HA-Runx2*-expressing mice (*Cre*^+^;*Runx2*-cTg). We further cross bred *Cre*^+^;*Runx2*-cTg males with *Pten* conditional (*Pten*^p/p^) females to establish four cohorts of mice: 1) *Cre*^-^;*Runx2*-cTg;*Pten*^p/+^ ("wild-type" littermate control), 2) *Cre*^+^;*Runx2*-cTg (*Runx2* transgenic alone), 3) *Cre*^+^;*Pten*^p/+^ (*Pten* heterozygous alone), and 4) *Cre*^+^;*Runx2*-cTg; *Pten*^p/+^ (*Runx2-Pten* double mutant). Firstly, we have verified the overexpression of RUNX2 in the prostate tissues from both *Cre*^+^;*Runx2*-cTg (*Runx2* transgenic alone) and *Cre*^+^;*Runx2*-cTg;*Pten*^p/+^ (*Runx2-Pten* double mutant) by using prostate tissues from *Cre*^+^;*Pten*^p/p^ mice as a positive control (Figure [S1](#SM0){ref-type="supplementary-material"}A, right). H&E staining analyses of mouse prostates demonstrated that *Runx2* transgenic mice exhibited no evidence of LGPIN (mouse PIN I and II) or HGPIN (mouse PIN III and IV) [@B25], precursors of prostate cancer at 4 months of age (Figure [2](#F2){ref-type="fig"}A, S2A). Consistent with previous reports [@B6], [@B7], no HGPIN was detected in the lobes of the prostate from *Pten* heterozygous mice at 4 months of age, including anterior prostate (AP), ventral prostate (VP), and dorsolateral prostate (DLP) (Figure [2](#F2){ref-type="fig"}A, S2A). However, LGPIN was detected in approximately 10% of the *Pten* heterozygous mice at 4 months of age (Figure [2](#F2){ref-type="fig"}A, S2A).

Notably, a much higher percentage of *Runx2-Pten* mice displayed LGPIN at 4 months compared to *Pten* heterozygous mice (Figure [2](#F2){ref-type="fig"}A, S2A). To determine whether tumors in *Runx2-Pten* mice continue to progress with aging, we examined prostate histology at an extended time-point, 8 months. In additional to LGPIN, focal HGPIN was also detected in the prostates of *Runx2-Pten* mice at this age (Figure [2](#F2){ref-type="fig"}B, 2C, S2B). In contrast, no neoplastic changes were observed in the prostate of "wild-type" littermate controls at the same age (Figure [2](#F2){ref-type="fig"}B, 2C, S2B). Together, these data demonstrate that *Pten* heterozygous deletion and *Runx2* overexpression cooperate to induce HGPIN and cancerous lesions in the mouse prostate within 8 months, while *Pten* heterozygosity or *Runx2* transgenic expression alone do not promote HGPIN to the same extent. This novel observation supports the notion that co-occurrence of reduced expression of PTEN protein and RUNX2 protein overexpression in patient samples is functionally critical in driving prostate tumorigenesis.

We also performed smooth muscle actin (SMA) IHC and detected a highly condensed layer of SMA-positive stroma in the prostate of "wild-type", *Runx2*-cTg and *Cre*^+^;*Pten*^p/+^ knockout mice (Figure [2](#F2){ref-type="fig"}D, column 1-3), which is recognized as a natural barrier against the invasion of tumor cells into the adjacent stromal tissue. In contrast, we observed much loosened layers of SMA-positive stroma surrounding malignant epithelial cells in the prostate of *Cre*^+^;*Runx2*-cTg;*Pten*^p/+^ double mutant mice (Figure [2](#F2){ref-type="fig"}D, column 4), an observation similar to that in prostate tumors in *Pten* homozygous knockout mice (*Cre*^+^;*Pten*^p/p^) (Figure [2](#F2){ref-type="fig"}D, column 5). Additionally, invasive adenocarcinoma often induces a desmoplastic response, in which collagenous material is diffusely distributed in the surrounding stromal tissue. We performed Masson\'s trichrome staining that marks keratin and muscle fibers in red and collagen in blue. We detected a relatively condensed layer of collagen surrounding the stroma in the prostate of "wild-type", *Runx2*-cTg and *Cre*^+^;*Pten*^p/+^ mice (Figure [2](#F2){ref-type="fig"}D, column 1-3). On the contrary, we found the existence of multiple layers of collagen (blue) integrated with layers of small muscle fibers (pink) in the prostate of *Cre*^+^;*Runx2*-cTg;*Pten*^p/+^ mice (Figure [2](#F2){ref-type="fig"}D, column 4). The result was also similar to the observation in *Pten* homozygous knockout (*Cre*^+^;*Pten*^p/p^) prostate tumors (Figure [2](#F2){ref-type="fig"}D, column 5). Thus, similar to the effect of *Pten* homozygous deletion, *Runx2*-cTg in combination with *Pten* heterozygous deletion can induce tumor microenvironment alterations such as extracellular matrix remodeling and aberrant collagen synthesis and deposit, an aggressive phenotype similarly seen in other genetically engineered mouse models such as *Pten* homozygous deletion mice.

Runx2 is critical for neoplastic prostatic cell proliferation *in vitro* and in mice
------------------------------------------------------------------------------------

To better understand molecular mechanisms driving HGPIN formation in *Runx2-Pten* mice at 8 months of age, we first examined cell proliferation. RUNX2 is known to regulate endothelial cell cycle progression [@B26]. In addition, we and others have demonstrated that RUNX2 is highly expressed in the rapidly proliferative, PTEN-negative PC-3 human PCa cell line [@B9], [@B13]. Not surprisingly, siRNA-mediated knockdown of endogenous RUNX2 decreased PC-3 cell proliferation compared to those transfected with control siRNAs (Figure [3](#F3){ref-type="fig"}A). To further explore cell proliferation in the mouse model, IHC for Ki-67, a cell proliferation marker, was performed on mouse prostate tissues (Figure [3](#F3){ref-type="fig"}B). The number of Ki-67-positive cells was significantly increased in the prostates of *Pten* heterozygous mice compared to "wild-type" littermate controls, and this effect was further enhanced by concomitant Runx2 overexpression in *Runx2-Pten* mice (Figure [3](#F3){ref-type="fig"}B, 3C). In agreement with the histological characterization (Figure [2](#F2){ref-type="fig"}), Runx2 overexpression alone in *Runx2* transgenic mice did not significantly increase Ki-67-positive cells. Thus, in addition to the established role of Runx2 in PCa cell invasion and migration [@B9], [@B13], our data highlights that Runx2 plays an important role in proliferation of both PTEN-negative PCa cells in culture and in the mouse prostate with reduced expression of Pten. IHC analysis of expression of cleaved caspase 3, a marker of apoptosis showed no overt alteration in the number of apoptotic cells among all groups of mice examined in 8 months of age (Figure [3](#F3){ref-type="fig"}D). As a positive control, positive staining of cleaved caspase 3 was detected in *Pten* homozygous knockout prostate tumors in castrated mice (Figure [3](#F3){ref-type="fig"}D), which is consistent with the previous report [@B18]. Together, these data support the notion that cell proliferation is a major contributor to prostate tumorigenesis induced by partial loss of PTEN and RUNX2 overexpression.

Akt is hyperphosphorylated in neoplastic lesions in *Runx2-Pten* double mutant mice
-----------------------------------------------------------------------------------

Akt activation is crucial for *Pten* homozygous deletion-induced prostate tumorigenesis in mice [@B18]. Consistent with previous reports [@B27], focal modest Akt phosphorylation (e.g. serine 473 (p-Akt-473)) was detected in a very limited number of prostate acini in *Pten* heterozygous (*Cre*^+^;*Pten*^P/+^) mice at 4 or 8 months of age (Figure [4](#F4){ref-type="fig"}A-C, S3A-B). In contrast, Akt was hyperphosphorylated (indicated by strong plasma membrane staining) in HGPIN in all types of glands (DLP, VP and AP) of *Runx2-Pten* mice at both 4 and 8 months of age (Figure [4](#F4){ref-type="fig"}A-C, S3A-B). S6 ribosomal protein is one of the downstream targets of the AKT signaling and S6 phosphorylation is often used as a surrogate for AKT signaling activation [@B28]. Similar to AKT phosphorylation, only modest level of S6 phosphorylation was observed in minimal areas of the prostate from *Pten* heterozygous mice at 8 months of age (Figure [S4](#SM0){ref-type="supplementary-material"}A). However, S6 phosphorylation straining was much stronger in HGPIN from *Runx2-Pten* mice at the same age (Figure [S4](#SM0){ref-type="supplementary-material"}A); suggesting hyperphosphorylated AKT is functionally active in prostate tumors in double mutant mice.

Akt hyperphosphorylation in prostate tumors in *Runx2-Pten* mice was unlikely due to complete loss of Pten protein in tumor cells, because moderate expression of Pten protein (indicated by both cytoplasmic and nuclear staining) was detected, although the level was lower compared to that in the prostate of "wild-type" littermates (Figure [S4](#SM0){ref-type="supplementary-material"}B). To ensure there was no large internal deletion in the remaining allele of the *Pten* gene in prostatic tissues from *Runx2-Pten* mice, genomic DNA was isolated from the microdissected FFPE prostate tissues for PCR amplification for each exon (Figure [S5](#SM0){ref-type="supplementary-material"}A). There was no difference in size of PCR products amplified from prostate tissues of the "wild-type" littermate controls, nonmalignant tissues (p-Akt-473 negative) and HGPIN (p-Akt-473 positive) of *Runx2-Pten* mice (Figure [S5](#SM0){ref-type="supplementary-material"}B). To rule out the possibility that the hyperphosphorylation of Akt was due to mutations in the undeleted allele of *Pten* gene, at least in the phosphatase domain, RNA samples were isolated from microdissected prostate tissues of the "wild-type" littermate controls, nonmalignant tissues (p-Akt-473 negative) and HGPIN (p-Akt-473 positive) from *Runx2-Pten* mice, and RT-PCR product containing exon 5 (encoding the phosphatase domain) (Figure [5](#F5){ref-type="fig"}C, upper panel) was extracted for Sanger sequencing. The sequencing results indicated that there was no mutation in p-Akt-473 positive HGPIN samples from *Runx2-Pten* mice (Figure [S5](#SM0){ref-type="supplementary-material"}C, lower panel). Thus, AKT hyperactivation in HGPIN of *Runx2-Pten* double mice is unlikely caused by the genomic alterations in the remaining allele of the *Pten* gene.

The chemokine receptor CXCR7 is co-regulated by RUNX2 and PTEN in PCa cells
---------------------------------------------------------------------------

To define the molecular mechanism by which concomitant RUNX2 overexpression and PTEN partial loss induces AKT hyperphosphorylation and activation, we examined expression of the p85 and p110 subunits of PI3K, two upstream activators of AKT as well as mTOR, which activates AKT through the mTOR complex 2 (mTORC2). However, expression of these genes was not affected by ectopic expression of RUNX2 in combination with PTEN siRNAs in PTEN-positive LAPC-4 PCa cell line (data not shown), suggesting that RUNX2 overexpression may promote AKT activation through noncanonical pathway(s).

CXCR7 (encoded by *ACKR3* gene) is an atypical G protein-coupled receptor of chemokines such as CXCL12/SDF-1 and it primarily signals through β-arrestin, but not G proteins [@B29]. CXCR7 expression is upregulated during PCa progression [@B30]. Intriguingly, increased expression of CXCR7 induces AKT phosphorylation in PCa cells [@B30], and this effect is likely mediated by CXCR7-dependent recruitment of the adaptor protein β-arrestin which scaffolds AKT to growth factor receptor, although the exact underlying mechanism remains largely unclear [@B29], [@B31].

Both CXCR7 and its ligand SDF1 can be upregulated by RUNX2 overexpression in prostate cancer C4-2B cells [@B32]. Through in-depth analysis of the RUNX2 chromatin immunoprecipitation-sequencing (ChIP-seq) data reported by that study [@B32], we observed two major putative RUNX2 binding peaks, one in the promoter (marked by high level of H3K4me3, a promoter histone marker) and the other in the enhancer (indicated by high level of H3K4me1, an enhancer histone marker) located in the first intron of *CXCR7* gene (Figure [5](#F5){ref-type="fig"}A). RUNX2 binding at these two sites, but not a non-specific site was further confirmed by ChIP-qPCR in PTEN-negative PC-3 cells without transfection of HA-Runx2 (Figure [5](#F5){ref-type="fig"}B, 5C). RUNX2 binding at both promoter and enhancer of *CXCR7* gene was largely enhanced by ectopic expression of HA-Runx2 (Figure [5](#F5){ref-type="fig"}B, 5C). In agreement with these findings, overexpression of RUNX2 not only substantially induced CXCR7 protein expression, but also increased AKT phosphorylation in PC-3 cells (Figure [5](#F5){ref-type="fig"}B). Different from the results in PTEN-deficient PC-3, however, transient overexpression of HA-Runx2 alone had little or no effect on RUNX2 binding at *CXCR7* gene promoter and enhancer as well as CXCR7 mRNA and protein expression in PTEN-proficient LAPC-4 cells (Figure [5](#F5){ref-type="fig"}D-F). These findings imply that PTEN dose is a key factor for RUNX2-mediated expression of CXCR7 in PCa cells. To test this hypothesis, we examined the effect of RUNX2 overexpression on CXCR7 expression in the presence or absence of PTEN knockdown. Only concomitant RUNX2 overexpression and PTEN knockdown, but not RUNX2 overexpression or PTEN knockdown alone, significantly increased RUNX2 binding in the promoter and enhancer of *CXCR7* gene (Figure [5](#F5){ref-type="fig"}D), and the same was true for CXCR7 mRNA and protein expression in LAPC-4 cells (Figure [5](#F5){ref-type="fig"}E-G). Accordingly, only RUNX2 overexpression in combination with PTEN knockdown substantially increased AKT phosphorylation in PTEN-positive LAPC-4 cells (Figure [5](#F5){ref-type="fig"}F). These data indicate that PTEN deficiency is required for RUNX2 overexpression-mediated upregulation of CXCR7 expression in PCa cells.

CXCR7 expression correlates with AKT phosphorylation in PCa from mice and patients and is required for RUNX2-mediated AKT activation in PTEN-deficient cells
------------------------------------------------------------------------------------------------------------------------------------------------------------

The findings in cultured PCa cell lines (Figure [5](#F5){ref-type="fig"}) prompted us to determine whether there is any correlation between CXCR7 expression and AKT phosphorylation (p-AKT) in HGPIN from *Runx2-Pten* double mutant mice and patients. IHC analysis with sequential tissue sections showed that little or no expression of Cxcr7 and p-Akt was detected in the non-malignant prostate glands in "wild-type", *Runx2*-cTg and *Cre*^+^;*Pten*^p/+^ knockout mice (Figure [6](#F6){ref-type="fig"}A, S6A, S6B). IHC staining of Cxcr7 and p-Akt in HGPIN in *Runx2-Pten* double mutant mice clearly showed the plasma membrane staining of both Cxcr7 and p-Akt and demonstrated that Cxcr7 protein staining positively correlates with hyperphosphorylated Akt in double mutant mice (Figure [6](#F6){ref-type="fig"}A, S6A, S6B). In contrast, little or no expression of Cxcr7 was detected in HGPIN in *Cre*^+^;*Pten*^p/p^ (*Runx2* wild-type) mice although p-Akt was highly expressed (Figure [6](#F6){ref-type="fig"}A, S6A, S6B). This data is consistent with the finding that Runx2 protein level was lower in HGPIN of *Cre*^+^;*Pten*^p/p^ mice compared to double mutant mice (Figure [S1](#SM0){ref-type="supplementary-material"}A, right), further supporting the importance of the Runx2 protein level in regulation of Cxcr7 expression in PTEN-deficient background. Two groups have shown most recently that CXCR7 is a repression target of AR and increased expression of CXCR7 contributes to castration resistance in prostate cancer [@B33], [@B34]. The expression of AR protein was comparable in the prostate of the four groups of mice we studied (Figure [S6](#SM0){ref-type="supplementary-material"}C), suggesting that increased expression of CXCR7 in the cell membrane in the prostate tumors of *Runx2* transgenic-*Pten*^+/-^ mice was less likely mediated by AR function.

We also performed IHC for CXCR7 and p-AKT-S473 on a tissue microarray (TMA) containing PCa specimens from a cohort of 55 patients. IHC staining was evaluated by measuring both staining intensity and percentage of positive cells. Representative IHC images displaying low/lost or high staining of CXCR7 and p-AKT-S473 are shown in Figure [6](#F6){ref-type="fig"}B. Further analysis revealed a positive correlation between CXCR7 expression and AKT S473 phosphorylation in these patients (Spearman correlation r = 0.435, P = 0.00114) (Figure [6](#F6){ref-type="fig"}C-D).

We next examined whether CXCR7 plays a causal role in upregulation of AKT phosphorylation induced by RUNX2 overexpression and PTEN loss in PCa cells. We overexpressed RUNX2 in combination with or without CXCR7 knockdown in PC-3 cells which are PTEN-null, but express high level of endogenous RUNX2 [@B13]. Knockdown of endogenous CXCR7 largely decreased AKT S473 phosphorylation in PC-3 cells (Figure [6](#F6){ref-type="fig"}E). Importantly, RUNX2 expression-induced elevation of AKT S473 phosphorylation was abolished by CXCR7 knockdown (Figure [6](#F6){ref-type="fig"}E). Clonogenic assays demonstrated that RUNX2 overexpression largely increased anchorage-independent growth PC-3 cells and this effect was completely abolished by co-knockdown of CXCR7 (Figure [6](#F6){ref-type="fig"}F, 6G). Together, these data suggest that RUNX2 overexpression and PTEN loss cooperatively induce CXCR7 expression, which in turn promotes AKT hyperphosphorylation and contributes to prostate tumorigenesis.

To explore the role of co-occurrence of RUNX2 overexpression and PTEN insufficiency in induction of CXCR7 expression and AKT hyperphosphorylation in human PCa samples, we performed meta-analysis of the TCGA data. To our surprise, we found that PTEN deletion status had no correlation with *RUNX2* mRNA expression in the cohort of TCGA patients (Figure [S7](#SM0){ref-type="supplementary-material"}A). The same was true for mRNA expression of *CXCR7* and other two RUNX2 target genes *BGLAP* (encoding osteocalcin) and *CXCL8* (encoding IL8) (Figure [S7](#SM0){ref-type="supplementary-material"}B-D). These data indicate that at mRNA level, expression of RUNX2 and its downstream genes does not correlate with *PTEN* deletion status in patient samples, at least in the TCGA dataset. We have shown previously that low expression of PTEN protein correlated with high level of RUNX2 protein in a cohort of human prostate cancer [@B13] and that RUNX2 protein can be targeted for proteasomal degradation in osteoblasts mediated by HECT domain-based E3 ubiquitin ligases such as Smurf1 and Smurf2 and cullin1-based E3 ubiquitin ligases such as Fbw7 and Skp2 [@B35]-[@B37]. We therefore examined whether RUNX2 is a potential proteasomal degradation protein in PCa cells. We demonstrated that treatment of PC-3 cells with two proteasome inhibitors MG132 and bortezomib invariably increased RUNX2 protein level, but no change at mRNA level (Figure [S7](#SM0){ref-type="supplementary-material"}E, S7F). Together, while our data showed that expression of RUNX2 and its downstream genes does not correlate with *PTEN* deletion status at mRNA level in patient samples, our new findings indicate that RUNX2 protein is a proteasomal target in PCa, suggesting that the relationship between PTEN loss and RUNX2 elevation in PCa is very complex. Future detailed investigation of their relationship and the impact on the expression of their downstream target genes in human PCa is warranted.

RUNX2 enhances localization of CXCR7 in the plasma membrane
-----------------------------------------------------------

Previous studies have shown that ligand binding triggers internalization of CXCR7 and it can recycle back to the cell surface after internalization despite the continuous presence of ligands [@B38]. Given that the plasma membrane localization of CXCR7 is important for its receptor functions such as interaction with β-arrestin and AKT activation, we sought to determine whether RUNX2 expression affects endocytic recycling of CXCR7. Beside its expression in the plasma membrane, CXCR7 was also substantially localized in recycling endosomes where it co-localized with TFRC and RAB11, two markers that define the endocytic recycling process [@B39] (Figure [7](#F7){ref-type="fig"}A, 7B). Accordingly, we demonstrated that treatment of cells with the lysosomal inhibitor concanamycin A (ConA) enhanced the intensity of CXCR7 localization in the cytosolic compartment (Figure [7](#F7){ref-type="fig"}C). These data confirmed the recycling feature of CXCR7. Importantly, immunofluorescent cytochemistry (IFC) analysis demonstrated that ectopic expression of RUNX2 increased CXCR7 localization in the plasma membrane (Figure [7](#F7){ref-type="fig"}D). We further examined the effect of the CXCR7 ligand CXCL12 on phosphorylation of AKT and its downstream signaling and colony formation in PCa cells. We demonstrated that CXCL12 stimulation increased AKT phosphorylation and its downstream effector P70 in PC-3 cells (Figure [7](#F7){ref-type="fig"}E). Accordingly, colony formation assays demonstrated that CXCL12 treatment increased PC-3 cell proliferation (Figure [7](#F7){ref-type="fig"}F). These new data further support the notation that increased expression and/or activation of CXCR7 plays an important role in regulation of AKT signaling and prostate oncogenesis.

These findings and those described above suggest that CXCR7 is not a canonical binding target of RUNX2 in PTEN-proficient cells, but partial loss of PTEN or RUNX2 overexpression permits RUNX2 to bind to and promote the transcription of CXCR7 and its membrane relocation, ultimately leading to hyperactivation of AKT and development and progression of prostate cancer (Figure [7](#F7){ref-type="fig"}G).

Discussion
==========

It is increasingly clear that PCa is a heterogeneous disease both at the genetic and clinical levels. Extensive characterization of large patient datasets reveals many distinct genetic subtypes that might explain the variable success of PCa therapies [@B40]-[@B42]. A key barrier to overcoming disease relapse is the clarification of PCa etiologies and understanding of the molecular mechanisms that are distinct to each tumor subtype. Partial loss of PTEN frequently occurs in PCa in patients. However, previous studies have shown that *Pten* heterozygous deletion alone is insufficient for timely prostate tumorigenesis in mice [@B6], [@B7], [@B43]. Similarly, RUNX2 has long been implicated in PCa progression [@B9], [@B13], [@B44], [@B45], but its precise role in prostate tumorigenesis *in vivo* is unclear.

In this study, we generated a *Runx2* conditional transgenic *Runx2*-cTg mouse model. While our results showed that prostate-specific overexpression of Runx2 alone was insufficient to promote prostate tumorigenesis in mice even at 8 months of age, *Runx2* overexpression in combination with *Pten* heterozygosity caused HGPIN and cancerous lesions within 8 months. To our knowledge, this is the first report that identifies a causal role for RUNX2 overexpression and PTEN haploinsufficiency in prostate tumorigenesis. These findings significantly enhance our understanding of PCa etiology, and generation of this unique mouse model may lead to identification of new molecular targets and therapeutic strategies to improve the clinical outcome of PCa patients with alterations in PTEN and RUNX2.

It is well established that *Pten* homozygous deletion results in Akt hyperphosphorylation and prostate tumorigenesis in mice [@B18]. In contrast, *Pten* heterozygous deletion not only rarely drastically induces AKT phosphorylation, but also fails to promote timely tumor formation in the mouse prostate [@B6], [@B27], further highlighting the significance of AKT activation in prostate tumorigenesis. In support of this notion, we found Akt was highly phosphorylated in HGPIN and cancerous prostate tissues in *Runx2-Pten* mice, but not in the counterparts in *Runx2* transgenic or *Pten* heterozygous deletion mice. Our findings imply the presence of a major mechanism by which RUNX2 overexpression works synergistically with partial loss of PTEN to promote AKT hyperphosphorylation in PCa. Whether our findings in PCa can be applied to other cancer types such as glioblastomas, pancreatic or endometrial cancers warrants further investigation.

In an effort to elucidate the underlying mechanism underlying AKT hyperactivation in RUNX2 and PTEN deregulated PCa cells, we first found that AKT hyperactivation in these cells is likely mediated through noncanonical pathway(s). CXCR7 is an atypical G protein-coupled receptor, signaling of which is primarily mediated through the adaptor protein β-arrestin, but not G proteins [@B29]. In support of this notion, it has been shown that CXCR7 increases cell viability by inducing AKT phosphorylation and this effect is likely mediated through β-arrestin [@B29], [@B31]. By analyzing RUNX2 transcriptome in PTEN-deficient C4-2B PCa cells [@B46], we noticed that CXCR7 is one of the genes upregulated by RUNX2 and this observation is further supported by the meta-analysis of RUNX2 ChIP-seq data [@B32] showing that there are two major putative RUNX2 binding peaks in the *CXCR7* gene locus. Furthermore, we showed that ectopic expression of RUNX2 not only increased RUNX2 protein binding at the *CXCR7* gene locus, but also largely increased AKT phosphorylation in another PTEN-null PC-3 PCa cell line. To our surprise, we demonstrated that RUNX2 expression alone failed to do so in PTEN-positive LAPC-4, but in combination with PTEN knockdown RUNX2 overexpression synergistically enhanced its binding at *CXCR7* gene locus and increased CXCR7 mRNA and protein expression as well as AKT phosphorylation. Indeed, it has been shown previously that RUNX2 is a direct substrate of AKT and AKT phosphorylation of the runt homology domain (RHD) increases the DNA binding ability of RUNX2 and enhances expression of its downstream genes such as *MMP9* and *MMP13* [@B47]. Thus, it is possible that similar to the induction of MMP9 and MMP13, activation of AKT due to PTEN loss can increase RUNX2-mediated transcription of CXCR7 through RUNX2 phosphorylation (Figure [7](#F7){ref-type="fig"}G). Importantly, this hypothesis is fully supported by our finding that overexpression of RUNX2 alone had little or no induction of CXCR7 in PTEN-positive LAPC-4, but RUNX2 induction of CXCR7 was largely enhanced by PTEN silencing. Moreover, this working model also provides a plausible explanation as to why overexpression of RUNX2 alone is sufficient to upregulate CXCR7 in PTEN-negative prostate cancer cells such as C4-2B and PC-3 as demonstrated in this study and a previous report [@B32].

CXCR7, as a receptor of chemokines, has been reported to be involved in membrane internalization to facilitate the uptake of chemokines in cancer cells [@B48]. In this study, we confirmed CXCR7 involvement in endocytic recycling in PCa cells. Importantly, we found that overexpression of RUNX2 potentially accelerated this process. However, the underlying mechanism is unknown. Since the overexpression of RUNX2 might trigger downstream targets that are involved in endocytic recycling, it warrants further investigation to identity such effectors that mediate CXCR7 membrane distribution. Nevertheless, our study uncovers a feed forward loop that promotes Runx2 activation, CXCR7 transcription and membrane relocation, and AKT hyperactivation (Figure [7](#F7){ref-type="fig"}G). The discovery of this "vicious cycle" is consistent with the previous report that AKT phosphorylates RUNX2 DNA binding domain and enhances RUNX2 binding on its consensus DNA binding element [@B49].

One possible mediator of the CXCR7-induced hyperphosphorylation of AKT could be the scaffold protein β-arrestin-2, which has been implicated in CXCR7-mediated AKT phosphorylation [@B29]-[@B31]. However, more studies are required to confirm this hypothesis as well as to identify other possible mediators. The novel *Runx2*-cTg mouse model will be an essential resource to answer these questions, as well as to investigate therapy responsiveness in the context of *Pten* heterozygosity and *Runx2* overexpression, and additional combinations of frequent PCa mutations. This study and those that follow are essential to contribute to a more detailed understanding of many PCa subtypes that are distinct both at the genetic and the therapeutic levels. It is worth noting that CXCR7-specific small molecule inhibitors have been developed and its anti-cancer efficacy has been demonstrated in brain tumors and castration-resistant PCa [@B50], [@B51]. These inhibitors could be exploited for chemoprevention and/or effective treatment of the subtype of PCa with RUNX2 overexpression and PTEN heterozygosity.
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![**Generation of Runx2 conditional transgenic (*Runx2*-cTg) mice.** (**A**) Western blot showing Runx2 levels in "wild-type" (*Cre*^-^;*Pten*^p/+^) or *Pten* heterozygous (*Cre*^+^;*Pten*^p/+^) murine prostate tissues. Erk2 was used as a loading control. (**B**) Schematic of HA-Runx2 conditional transgenic construct pLSL-HA-Runx2. (**C**) Western blot for HA-tagged Runx2 in LNCaP cells transfected with CMV-Runx2 (positive control) or the pLSL-HA-Runx2 plasmid in combination with or without CMV-Cre. (**D**) Agarose gel shows the genotyping results of two independent transgenic founder Runx2-cTg mice. (**E**), Western blot showing Runx2 levels in "wild-type" (*Cre*^-^;*Runx2*-cTg) and *Runx2* transgenic (*Cre*^+^;*Runx2*-cTg) murine prostate tissues.](thnov09p3459g001){#F1}

![***Runx2* overexpression and *Pten* heterozygous deletion cooperate to induce HGPIN and cancerous lesions in mice.** (**A**) Quantitative data for 4-month-old mice from each genotype (n = 10/group) with LGPIN, HGPIN and/or cancerous lesions (HGPIN/Ca) or no lesion (nonmalignant). (**B**) H&E staining of DLP and VP from mice with indicated genotypes (n = 10 mice/genotype) at 8 months of age. The high magnification image is corresponding to the framed area in low magnification image in each genotype. Scale bars are indicated in the images. (**C**) Quantitative analysis of LGPIN, HGPIN and/or cancerous lesion (HGPIN/Ca) or no lesion (nonmalignant) in 8-month-old mice with indicated genotypes (n = 10 mice/genotype). (**D**) H&E, IHC for smooth muscle actin (SMA) and Masson\'s Trichrome staining (pointed by red asterisks respectively) in the prostate of mice with five different genotypes (n = 5 mice/genotype) at age of 8 months. Scale bars are indicated in the images.](thnov09p3459g002){#F2}

![**Runx2 regulates proliferation of neoplastic prostatic cells *in vitro* and in mice.** (**A**) MTS assay measuring proliferation of PC-3 cells transfected with control or RUNX2-specific siRNAs at different time points. Inset, western blot showing the effectiveness of RUNX2 knockdown. ERK2 was used as a loading control. (**B**) IHC of proliferation marker Ki-67 in prostate tissues collected from mice with the indicated genotypes at age of 8 months. Arrows indicate Ki-67 positive cells. (**C**) Quantification of Ki-67 positive cells in each indicated mouse genotype. Data are shown as mean ± SD (n = 6 mice/genotype). \* *P* \< 0.01, NS, no significance. (**D**) IHC analysis of cleaved Caspase 3 expression in the prostate of mice with the indicated genotypes at age of 8 months (n = 6 mice/genotype). Cleaved Caspase 3 IHC in PCa tissues from castrated prostate-specific *Pten* homozygous deletion mice was included as positive control. Photos are representatives of results from 6 mice in each group (n = 6).](thnov09p3459g003){#F3}

![**Akt is hyperphosphorylated in neoplastic lesions in *Runx2-Pten* mice.** (**A**) Quantitative data of Akt S473 phosphorylation (p-Akt-S473) IHC in the prostate of 4-month-old mice with the indicated genotypes (n = 10 mice/genotype). (**B**) Representative images of IHC for p-Akt-S473 in DLP and VP of 8 month-old mice with the indicated genotypes (n = 10 mice/genotype). The high magnification image (400X) is corresponding to the framed area in low magnification image (100X) in each genotype. Scale bars are indicated in the images. Scale bars are shown in the images. (**C**) Quantitative data of p-Akt-S473 IHC in the prostate of 8-month-old mice with the indicated genotypes (n = 10 mice/genotype).](thnov09p3459g004){#F4}

![**Co-regulation of the *CXCR7* gene by RUNX2 and PTEN in PCa.** (**A**) UCSC genome browser screenshots showing signal profiles of RUNX2 ChIP-seq (reported previously [@B32]) in the *ACKR3* (*CXCR7*) gene locus in C4-2B cells. H3K4me1 and H3K4me3 ChIP-seq data were acquired from LNCaP cells as reported previously [@B52]. P, promoter, NC, negative control region, E, enhancer. (**B, C**) PC-3 cells were transfected with empty vector (EV) or HA-Runx2 for 24 h for western blot (**B**) and ChIP-qPCR analysis of RUNX2 binding at the *CXCR7* gene promotor and enhancers (**C**). ERK2 was used as a loading control. All data are shown as mean values ± SD (n = 3). \* *P* \< 0.05 comparing RUNX2 binding in EV transfected cells. (**D-G**) LAPC-4 cells were transfected with EV and HA-Runx2 expression vector in combination with control or PTEN-specific siRNAs (siPTEN) for 48 h followed by ChIP-qPCR analysis of RUNX2 binding at the *CXCR7* gene promoter and enhancers (**D**), RT-qPCR assessment of *CXCR7* mRNA expression (**E**), and western blot analysis of effectiveness of murine Runx2 transfection and PTEN knockdown on expression of p-AKT-473 (**F**) and CXCR7 protein level in LAPC-4 cells. Quantified data (**G**) was resulted from the normalization by ERK2 western blot intensity.](thnov09p3459g005){#F5}

![**CXCR7 expression correlates with AKT phosphorylation in PCa in *Runx2-Pten* mice and patient PCa specimens and CXCR7 is required for Runx2-induced PCa cell growth.** (A) H&E and IHC for Cxcr7 and S473 phosphorylated Akt (p-Akt-S473) in the prostate tissues of mice with five different genotypes at age of 8 months. Scale bars are indicated in the images. Photos are representatives of results from 3 mice in each group (n = 3). (B-D) IHC for CXCR7 and p-AKT-S473 in PCa specimens in a cohort of 55 patients. Representative CXCR7 and p-AKT-S473 IHC images from two cases of PCa are shown in (B). Heatmap is utilized to summarize IHC of CXCR7 and p-AKT-S473 protein expression in all cases of PCa analyzed (C). Spearman correlation analysis exhibits a positive correlation between CXCR7 and p-AKT-S473 expression in this cohort of patients and the correlation is statistically significant (D). (E-G) PC-3 cells were infected with lentivirus for empty vector or HA-Runx2 in combination with control shRNA (shC) and CXCR7-specific shRNAs (shCXCR7). At 48 h after infection, cells were harvested for western blot analysis of indicated proteins (E) and colony formation assays with representatives of colonies shown in (F) and quantification data shown in (G). Data represent mean values ± SD (n = 3). \* *P* \< 0.05; \*\*, *P* \< 0.001.](thnov09p3459g006){#F6}

![**RUNX2 overexpression facilitates CXCR7 endocytic recycling.** (**A**-**B**)**,** Co-localization of immunostaining of CXCR7 and two endocytic recycling markers TFRC (**A**) and RAB11 (**B**) in LNCaP cells. (**C**) LNCaP cells were transiently transfected with HA-Runx2 and treated with vehicle (DMSO) and the lysosome inhibitor concanamycin A (ConA) for 16 h. The cells were fixed and immunostained for CXCR7. (**D**) Overexpression of Runx2 enhanced the distribution of CXCR7 on the plasma membrane as shown by IFC. (**E-F**) PC-3 cells were treated with vehicle (0.1% BSA) or CXCL12 (200 ng/ml). After 48 h treatment, cells were harvested for western blot analysis of indicated proteins (**E**) and colony formation assays with representatives of colonies and quantification data shown in (**F**). \*, p85 form of S6 kinase. Data represent mean values ± SD (n = 3). P value was indicated in the image. (**G**) A hypothetical model wherein RUNX2 overexpression in combination of PTEN lose (*PTEN*^+/-^ or *PTEN*^-/-^) elicits a feed forward signaling loop that leads to increased expression and cellular trafficking of CXCR7, hyperphosphorylation of AKT, and prostate tumorigenesis and progression.](thnov09p3459g007){#F7}
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